neighboring helical region has melted to replace the
loop. Second, the linker region between the two repeats of 2U 0 , helix A spans 21 residues, helix B spans 37 residues, and helix C spans 34 residues. In conseis ␣-helical in all of our structures. Subtle but significant differences among the conformations of the linker region quence, the structure of each coiled coil changes from a three-helix coiled coil to a two-helix coiled coil at the are associated with various degrees of bending of one repeat with respect to its neighbor. These key features C-terminal end of helix A where the long AB loop begins and extends parallel to the long axis of the repeat before of the structures-rearrangement of a loop and a helix and bending at the helical linker region-lead us to sugturning to join the N-terminal end of helix B. Thus, the repeats can be most accurately described as hybrids gest two different but not necessarily mutually exclusive models of spectrin flexibility.
of a three-helix and a two-helix coiled coil. Although the AB loop has no well-defined secondary structure, its conformation is preserved in all the monomers. InteracResults and Discussion tions such as the hydrogen bond from the O␥ of Ser-1794 in the AB loop to the guanidinium group of ArgStructure Determination 1867 in helix C are evidently important for stabilizing the The structures of four different but closely related fragconformation of the AB loop. ments of spectrin were solved by X-ray crystallography.
A striking feature of all structures is the clearly The first fragment is referred to as 2U 0 and consists of ␣-helical nature of the region between the repeating repeats 16 and 17 (termed R16 and R17) of chicken units, commonly referred to as the linker region. Origibrain ␣-spectrin (Wasenius et al., 1989). Its design was nally, the linker region was predicted to be nonhelical based on the predicted boundaries of several repeating (Speicher and Marchesi, 1984) . However, subsequent units (Winograd et al., 1991) no obvious break, discontinuity, or change in secondary 1996, 1997) and the structure of 2U 0 guided the design structure to delineate the linker region. Nevertheless, it of three other molecules that produced better diffracting can be identified as the 5 amino acid region in the long crystals. Relative to 2U 0 , the three other molecules have CAЈ helix that interacts with both repeats. The linker 8 fewer amino acids at the N terminus and an additional region is demarcated by the end of the heptad periodic-4, 7, or 13 amino acids at the C terminus, respectively. ity of one repeat and the beginning of the periodicity of These constructs are referred to as 2U Ϫ8ϩ4 , 2U Ϫ8ϩ7 , and the adjacent repeat and includes residues 1872 to 1876. 2U Ϫ8ϩ13. The preference for a helical linker region is also supThe structures of 2U 0 , 2U Ϫ8ϩ4 , 2U Ϫ8ϩ7 , and 2U Ϫ8ϩ13 were ported by the structure of 2U Ϫ8ϩ13 D, in which the last solved and refined to 4 Å , 2.0 Å , 1.45 Å , and 3.1 Å amino acids extend as a helix and correspond to the resolution, respectively. Table 1 shows data collection linker region between R17 and R18. statistics and refinement statistics. The model of 2U 0 In addition to their overall folds and the helical nature was only partially refined due to poor diffraction of the of the linker regions, a third feature common to all of crystals and contains some regions modeled as polythe structures is the relative orientation of the two conalanine, since it was not possible to assign side chains nected repeats. R16 and R17 are related by an approxiunambiguously. The crystals of 2U 0 and 2U Ϫ8ϩ7 have one mately 50 Å translation along the long axis of the molemonomer in the asymmetric unit, while the crystals of cule and a rotation around this same axis of between 2U Ϫ8ϩ4 and 2U Ϫ8ϩ13 have three and four molecules in the 28Њ and 52Њ (see Table 2 ). The 60Њ rotation in the model asymmetric unit. The three crystallographically indepenof two units based on the structure of a single repeat dent molecules in the 2U Ϫ8ϩ4 crystals are virtually identiof spectrin (Yan et al., 1993) lies outside of the range cal. Three of the four molecules in the asymmetric unit that we have observed. Furthermore, the linker region of 2U Ϫ8ϩ13 are identical. Thus, five different conformainteractions in this model differ from those in the 2U tions of the two repeats are distinguishable among the structures. Each pair of repeats has a width of about four different crystal forms. All amino acids are visible 20 Å and an overall length of about 100 Å , which would only in 2U Ϫ8ϩ4 . The other molecules have some disoryield a contour length of about 1000 Å for a 20-repeat dered residues either at the termini and/or in some of molecule, in agreement with electron microscope obserthe loops connecting the helices.
vations of rotary-shadowed, extended spectrin dimers (Shotton et al., 1979) . Basic Organization of the Two Repeating Units All structures consist of two antiparallel coiled coils connected by a continuous ␣ helix (Figure 1) . Antiparallel
Heptad Periodicity
The heptad periodicity that has been suggested to procoiled coils have also been referred to as bundles (Lovejoy et al., 1993), but here we use the term coiled coil, mote stable folding of a single repeating unit (Parry et al., 1992) was examined in detail. The periodicity can following Brown et al. (1996) . The N-terminal coiled coil or repeat (R16) consists of helices A, B, and C, separated usually be observed in the primary sequence, but it is more accurate to identify the heptad pattern in the threeby the AB and BC loops, and the C-terminal repeat (R17) consists of helices AЈ, BЈ, and CЈ, separated by the AЈBЈ dimensional structure. The residues forming the heptad pattern in R16 of 2U Ϫ8ϩ4 are shown in Figure 2A and a and BЈCЈ loops. The helices are not straight but curve gently and wrap around each other in a left-handed helical wheel diagram indicating hydrophobic and polar interactions in Figure 2B . The same or equivalent pattern supercoil. The AB and AЈBЈ loops contain nine residues and are longer than the BC and BЈCЈ loops, which conwas observed in the repeats of all other high-resolution structures presented here. As is customary, the amino tain four or five residues. In all repeats, aside from R17 Figure 2A) . Thus, the a two-helix coiled coil due to helix A being significantly shorter than helices B and C. This type of discontinuity A that must form hydrophobic interactions with helices whereas spectrin has an ordered linker region. Spectrin 
Bending of the Linker Region

